. Nitrogen balance research in agricultural production systems continues 
from plants. Ammonia losses from plants have been was added to the microplots the following 2 yr to allow measurement measured in wheat (Harper et al., 1987; Parton et al., of residual effects of the enriched fertilizer. Three years after the 15 N 1988) and corn (Francis et al., 1993) . In experiments microplots were established, soil cores (0.025 m in diam.) were taken conducted by Sharpe et al. (1988) , it was estimated that Recent work by Johnson and Raun (1995) proposed maximum yield without resulting in increased soil profile inorganic N accumulation).
a soil-plant buffering concept that was defined as the ability of the soil-plant system to limit the amount of inorganic N accumulation in the rooting profile when N fertilization rates exceed that required for maximum R ecovery of fertilizer N in crop production sysgrain yields. The researchers indicated that decreased tems has been investigated for years, however, N soil-plant buffering will likely increase the risk for balance studies seldom account for Ͼ50% of the fertil-NO 3 -N leaching. Their work noted that a consequence izer N applied (Rasmussen and Rohde, 1991) . Early of the buffering mechanisms (increased gaseous plant work by MacVicar et al. (1950) reported fertilizer N N loss, increased grain protein, increased denitrification, recovery levels Ͻ47% when evaluating sudangrass [Sorincreased immobilization, and increased ammonia volaghum bicolor (L.) Moench] and oat (Avena sativa L.).
tilization from soils when N fertilizer rates exceed that Their work, which employed 15 N labeled fertilizer, conrequired for maximum yield) was poor N-use efficiency sidered denitrification to be a significant sink for unacin crop production (often Ͻ50%). However, they also counted N. Similar studies with sudangrass by Carter noted that the buffering mechanisms are desirable, conet al. (1967) attributed unrecovered 15 N to gaseous loss sidering that losses and removal through these sinks since potential leaching losses were accounted for. More decrease the potential for NO 3 -N leaching (Johnson recent N balance studies have attributed sizable losses and . of fertilizer N to denitrification (Owens, 1960; Chiches- The objectives of this experiment were (i) to deterter and Smith, 1978; Olson, 1980; Fredrickson et al., mine the efficiency of N fertilizer applications in contin-1982). Unaccounted fertilizer N has also been attributed uous winter wheat; and (ii) to determine the residual to immobilization in surface soil horizons (Fredrickson effect of 15 N fertilizer applications on winter wheat in experiments where the same N rates have been applied for Ͼ20 yr. employ a randomized complete block experimental design atom % excess corrected for background abundance. Total fertilizer N recovery was determined as the sum of that found with four replications and are identified as 222 (Kirkland silt loam, fine, mixed, thermic Udertic Paleustolls) and 502 (Grant in the grain and straw from 1989 to 1991 plus that recovered in the soil (0-120 cm) at the end of the experiment. silt loam, fine-silty, mixed, thermic Udic Argiustolls). Experiments 222 and 502 were initiated in 1969 and 1970, respecAnalysis of variance for all dependent variables evaluated was conducted each year due to heterogeneity of error (over tively. Winter wheat was planted in 0.25-m rows at seeding rates of 67 kg ha Ϫ1 and grown under conventional tillage (disk years). Nonorthogonal single degree of freedom contrasts were used to estimate linear and quadratic response to applied incorporation of wheat straw residues following harvest and prior to planting) in all years at both locations. Ammonium long-term annually applied fertilizer N rates in winter was applied in 1988 to the microplots at the same N rate wheat. This work reported that no accumulation of as the remainder of the large plot (Table 1) . Conventional required for maximum yield. Also, increased grain N, Each year the entire above-ground biomass was removed from microplots at harvest and separated into grain and straw. straw N, and organic N and C in the soil are found when Grain and straw samples were subsequently dried at 70ЊC in N rates exceed that needed for maximum yields. The a forced air oven, weighed, and ground to pass a 150-m (100-soil-plant buffering concept helped refute the explanamesh) screen. Grain, straw, and soil samples were analyzed for tion that unaccounted N should be immediately attribtotal N and N isotope ratio with an automated dry combustion uted to leaching in dryland winter wheat studies where analyzer and isotope ratio mass spectrometer (Schepers et al., these biological mechanisms remained active. 1990, and 1991 is reported in Table 3 . Recovery of fertilrecovery (grain and straw in all three years, plus that remaining in the soil). izer N in the soil at the end of the experiment in 1991 is also included in Table 3 , along with total fertilizer N Differences in fertilizer N recovery were not consis- tent from year to year in the results for grain and straw at recovery in the grain ϩ straw and soil components individually. Other results from these same experiments (Table 3) . At Experiment 222, fertilizer N recovery was not affected by N rate in either the grain or straw in showed that priming (increased net mineralization of organic N pools after low rates of fertilizer N applica-1989 and 1990; however, a linear trend for fertilizer N recovery to decrease with increasing N-applied was tion) occurred in Experiment 222 because decreased total soil N (0-0.30 m) at low rates was found in Experiobserved in 1991. Similar results were noted in Experiment 502, where applied N did not affect fertilizer N ment 222, but not in Experiment 502 (Raun et al., 1998) . Priming was proposed by Westerman and Kurtz (1973) recovery in the grain or straw in 1989. Fertilizer N recovery increased with N rate for both the grain and straw as the stimulation of microbial activity by N fertilizers (at low N rates), which can increase mineralization of in 1990 (significant N rate linear contrast). By 1991, fertilizer N recovery in the grain and straw decreased soil N, thus making more soil N available for plants. Raun et al. (1998) also noted that soil-plant buffering with increasing N-applied in Experiments 502 and 222 (Table 3 ). Fertilizer N recovery in the soil (sum of (N that can be applied in excess of that needed for maximum yield without resulting in increased soil proamounts found within individually analyzed depths) decreased with increasing N-applied at both locations.
file inorganic N accumulation) was greater in soils where evidence of priming was observed. Combined, these Total fertilizer N recovery was estimated by summing the amounts found in the grain and straw from 1989 to results may help explain why fertilizer N recovery was greater in Experiment 502 (no priming, less soil-plant 1991 and that found in the soil at the end of the experiment. This estimate does not account for N potentially buffering; buffer sizes of 48.2 and 23.3 kg N ha Ϫ1 reported for Experiments 222 and 502 in 1993, Raun and lost via leaching, denitrification, or through the plant as gaseous NH 3 . Without accounting for leaching, deni . Less fertilizer N immobilized in stable organic pools and more fertilizer N in inorganic N forms trification, and plant gaseous N loss, estimated total fertilizer N recoveries at the lowest N rate were 68%
at Experiment 502 may have increased fertilizer N recovery. at Experiment 222 and 90% at Experiment 502 (Table  3) . Similar work by Olson et al. (1979) 
in winter wheat
Fertilizer N recovery in the soil, by depth for all treatments in Experiments 222 and 502 is reported in Fig. could account for only 80% of the 15 N fertilizer applied. Total fertilizer N recovery decreased with increasing 1. Following 3 yr of continuous wheat, during which wet periods were present when soils were saturated, it was N applied at both locations. However, total fertilizer N recovery was higher in Experiment 502 compared to surprising to find such large recovery of 15 N in the surface 0.15-m horizon, particularly because there were 222 when evaluating the same N rates (45 and 90 kg N ha Ϫ1 , Table 3 ). This was also observed when looking several times when these soils were saturated, which ] results in comparason (1994) noted that the greater the degree of humificable rates that provide a richer soil N environment at tion, the higher the cation-exchange capacity. If the 222 than at 502. Subsequent N losses from the soil-plant percentage of lignin content was greater in Experiment system have been shown to be positively related to avail-502 compared with 222, and this was largely a result of able soil N and would be increased weathering, it is possible that the increased expected to be greater at 222. This is shown to be the fertilizer N recovery in the soil was from the exchangecase as total fertilizer recovery is less at 222 than 502. able fraction.
Conservation of fertilizer N not used by crops results It was interesting to find detectable levels of 15 N at primarily from net soil immobilization of N, which may depths Ͼ20 cm (Fig. 1) . However, at both locations 15 N have been more active in the first year at 502, and it was found at concentrations just slightly above backled to higher fertilizer N recovery (second year) and ground. If leaching was the mechanism resulting in subtotal soil recoveries at the end of the 3-yr period. soil accumulation of 15 N, accumulation patterns similar Fertilizer N recovery by the crop was very small in to the one found by Westerman et al. (1994) should have the second year for both sites and small relative to the been observed. Because this data represents recovery at total recovered from the soil after 3 yr. This was considthe end of a 3-yr period, we speculate that observed ered to be evidence that much of the 15 N not used by surface cracks led to small quantities of soil organic the crop or lost from the soil in the first year becomes matter being broken off at the surface (where large an integral part of a somewhat large, stable soil-N reserquantities of 15 N remained, even after 3-yr) and left to voir. It is interesting that recovery of fertilizer N in the accumulate at the depth where cracking stopped.
grain and straw increased with increasing N rate in the Differences in fertilizer recovery were inconsistent second year at 502. This apparently resulted from more from year to year and appear related to crop response active N turnover (mineralization-immobilization) at to fertilizer. In the first year following addition of 15 N, the higher rates, providing better opportunity for plant grain yield response to fertilizer was relatively poor at uptake. A similar trend was not present at 222 and may Experiment 222. At 222, the 45 kg N ha Ϫ1 rate resulted be related to generally lower microbial activity and/or in 8.4 kg grain produced per 1 kg of applied N. The 90 a smaller organic N pool. In addition, increased fertilizer kg N ha Ϫ1 rate produced only 4.2 kg grain per 1 kg of N recovery at Experiment 502 may have been associated applied N, but the 134 kg N ha Ϫ1 rate yielded 9.8 kg with decreased microbial activity, which would be exgrain per 1 kg N (Table 4) . Whatever the reason for pected in soils where the organic matter was composed the low but positive grain response to fertilizer N, we of high quantities of lignin (personal communication, believe fertilizer N recovery using 15 N should parallel J.Q. Lynd, 1997). yield response. At 502 the yield from 45 kg N ha Ϫ1 It was important to note the strong linear relationship resulted in 34.5 kg grain per 1 kg N above the yield for between total 15 N fertilizer recovered and N fertilizer the control. The yield from 45 kg N ha Ϫ1 was 81% of rate, especially when considering potential losses via maximum and 277% of the control at 502, but only 64% of maximum and 130% of the control at 222.
leaching. Nitrogen leaching should be a function of rain-
